We studied the depth dependent magnetization profile of the magnetostrictive Co thin film layer in a PMN-PT (011)/Ta/Co/Ta structure under both zero and nonzero applied electric field using polarized neutron reflectometry. Application of electric field across the PMN-PT substrate generates a strain, which rotates the magnetization of the Co layer consistent with the Villari effect. At low magnetic fields (near remanence and coercive field conditions), we find that the depth dependent magnetization profile is non-uniform, under both zero and nonzero applied electric fields. These variations are attributable to the depth dependent strain profile in the Co film, as determined by finite element analysis simulations.
III.

RESULTS AND DISCUSSION
A. Strain Effect on Coercive Field
Accurately characterizing changes in magnetic properties as a function of electric field can be challenging using common techniques like VSM or superconducting quantum interference device (SQUID) magnetometry, due to the potential for artifacts arising from the leads. With this in mind, we used PNR to probe the voltage dependent "net" vector magnetization of our sample. Typically, a PNR measurement is carried out over a broad range of reciprocal space wavevector transfer (Q), which allows for determination of the real space depth profiles. Owing to the limited brightness of neutron sources, such measurements can be time consuming, limiting the number of conditions for a given experiment. However, the average magnetization of the entire sample can be approximated by measuring only at very low Q values, which provide sensitivity to a very broad real space length scale, and generally exhibit relatively strong reflectivities (owing to proximity to the critical edge). The non spin-flip reflecitivites depend on both the nuclear and magnetic composition of a sample.
Specifically, the differences in ++ and --arise from the component of the in-plane sample magnetization parallel to H. Thus, the point where ++ and --cross corresponds to switching of the parallel component of the magnetization from pointing opposite to H to pointing along H. The spin-flip reflectivities originate from the component of the in-plane sample magnetization perpendicular to H. As such, the peak in the spin-flip scattering shown in Fig. 2 (b) corresponds to the maximum angle between the sample magnetization M and applied magnetic field H during reversal. We performed such H-dependent scans at progressively higher voltages, in order to examine the effect of electric field on the magnetic reversal process. We note that the single-Q, H scans shown are not polarization corrected. Since we are not quantitatively estimating magnetization values from these scans (only H-shifts in qualitative features), such corrections are unnecessary. Figure 3 The voltage-dependent shifts in magnetization minima parallel to H and corresponding shifts in magnetization maxima perpendicular to H shown in Fig. 3 suggest that the stress anisotropy for a positive applied voltage induces a magnetization "easy axis" (energetically favorable direction) along H, therefore, increasing Hc for the sample. Notably, at all voltages measured, the minima in 
B. Depth Dependent Magnetization Rotation
Q-dependent PNR measurements were conducted at 3 different external magnetic fields -positive saturation (at 700 mT), near-remanence (at 1 mT after decreasing the field from positive saturation) and near-coercive field (10 mT after increasing the field from negative saturation) in order to determine the depth profiles. Remanence and coercive field measurements were performed at applied voltages of 0V and 400V to observe the effects of electric field induced stress on the magnetization profile. The model fitted saturation data is shown in Figure 6 (a). Spin-flip scattering should not be present at saturation, thus only non spin-flip scattering was measured at this condition. The fit to the data is excellent, and corresponds to the depth profile shown in At lower magnetic field, we find that the data are inconsistent with a uniform Co magnetization profile. Figure 7 (a) shows data taken at 1 mT in 0 V after saturating at 700 mT. Notably, there is significant spin-flip scattering, demonstrating that even at 0 V, anisotropy plays a significant role, as the magnetization relaxes away from the applied magnetic field direction. The fit in Fig. 7(b) corresponds to a profile with depth-independent magnetization magnitude and rotation angle, and does not fit the low-Q spin-flip data well. Uniform profile fits produce similarly poor results for other measurements at 1 mT and at 10 mT. We found that significant non-uniformity was required to achieve a good fit to the data, but that there were multiple non-uniform models that could provide essentially equivalent fits. To guide the modeling, we performed a COMSOL simulation of strain transfer in a similar structure. Specifically, we simulated a PZT/Ti10nm/Co60nm/Ti10nm heterostructure with Al as the bottom electrode as shown in Fig. 8(a) . We have used PZT instead of PMN-PT and Ti instead of Ta in because those material parameters were readily available in the COMSOL package, but these would not change the qualitative features of the simulation of depth dependent strain transfer. Due to computational limitations, the lateral dimensions were modeled to be 400 nm × 400 nm and the thickness of the piezoelectric layer was modeled to be 400 nm instead of the 0.5mm thickness of the substrates used in the experiments. A biaxial strain was applied to the PZT layer (2% tensile stress along x and 1% compressive stress along y) with the bottom surface of the bottom Al electrode assumed to be rigid. The corresponding strain transfer profile is shown for the entire modeled structure in Fig. 8(b) and a sliced version provides a better look at the strain transfer profile inside the structure as shown in Fig. 8(c) . Fig 8(d) shows the strain transfer through the center of the Co layer as a function of distance from the Ti/Co interface nearest to the piezoelectric layer. The strain transfer changes monotonically with distance. If this strain transfer is responsible for the non-uniformity in the magnetization, it is reasonable to assume that magnetization rotation and magnitude should also change monotonically with depth. Thus, we propose that a monotonic function is appropriate for modeling of the neutron data. For simplicity, we chose a power law, where the endpoint magnetization magnitudes, rotation angles, and the power law exponent were treated as fitting parameters. This scheme results in a much better fit to the data, as shown in Fig.   7 (b). The best-fit power law profiles for near-remanence and near-coercivity data are shown in The models for the near remanence (1 mT) and near coercive field (10 mT) are discussed in the following sections.
Near Remanence (1 mT external magnetic field at 0V and 400V) -In the 0V case, although there is no voltage induced stress, a residual stress is present in the Co film from poling of the underlying piezoelectric PMN-PT substrate. The top and bottom layers are rotated by 5.5°, and 24.1° (see Table I ) from the saturation field direction. Among all the layers, the bottom layer is rotated by the highest amount. This rotation is the result of the residual stress present in the Co film. The effect of this stress is the most on the bottom layer (closest to the PMN-PT substrate), which is what the fitting suggests with the bottom layer showing the highest amount of rotation. The Co film is more relaxed (less stress) as we go up, which is also supported by a monotonically decreasing angle of magnetization rotation from the bottom towards the top. When an electrical voltage of 400V is applied across the sample thickness, the resulting electric field generates a stress in the substrate that is transferred to the Co film. The magnetizations of the Co layers respond to this voltage generated stress by rotating towards the applied magnetic field direction. However, the resulting rotation is very small (<1°). The rotation of magnetization towards the saturation field direction due to voltage induced stress matches the observations from section III.A. At both 0V
and 400V, there is a clear difference in the amount of rotation between layers, confirming depth dependent variation in the layer magnetizations.
Near Coercive field (10 mT external magnetic field at 0V and 400V) -The measurements and fitting near coercive field is quite similar to the measurements at remanence. The difference in measurement conditions is that the sample was first saturated in the negative direction (-700 mT applied magnetic field) which was then increased to 10 mT. Again, similar to the near remanence case, a power law fit is applied. The fitted model and best fit parameters are shown in Figure 9 and Table I . We can see that both the magnetization orientation and the average magnetization has a depth dependent profile. In the 0V case, the effect of residual stress is the most in the bottom layer (deviation of 33.3°) and least in the top layer (deviation of 20.5°). For a small change in magnetic anisotropy, we can expect a larger change in the magnetization near the coercive field compared to the change near remanence (1mT, decreasing the field from positive saturation). So, the effect of voltage induced stress is expected to be larger near the coercive field compared to remanence.
This is exactly what we see from the data in table I. Here, the bottom layer is rotated by ~4° as a result of the voltage induced stress whereas the rotation was ~1° in the near remanence case. 
IV. CONCLUSION
In conclusion, the reflectivity data and the subsequently fitted models clearly show that the voltage induced stress, although very small, has a measurable effect on the magnetization of the Co thin film. The strain induced anisotropy increases the incoherency in the magnetization rotation process as is evident from the "hysteresis-like" measurements performed in section III.B. The most important observation in this study is the non-uniform magnetization rotation and average magnetization along the depth of the thin film, a clear indication of depth dependent stress anisotropy in these structures. This study confirms magnetization variation along the thickness of a magnetostrictive thin film which appears to be related to relaxation in strain transfer from the piezoelectric substrate to the magnetostrictive layer as we go upwards from the piezoelectricmagnetostrictive heterostructure interface towards the surface of the thin film. This strain variation will possibly be more serious in a patterned 100~200 nm lateral dimension nanostructure even if it is 10 nm thick, which is typically the size for strain mediated nanomagnetic devices. The results presented in this paper is repeatable across samples (The PNR reflectivity data and the corresponding fitted models for a similar but different sample can be found in the supplement).
SUPPLEMENT Polarized Neutron Reflectometry Study of Depth Dependent Magnetization Variation in Co Thin Films on a PMN-PT Substrate
Md Mamun Al-Rashid 1,2,* , Alexander Grutter In the main paper, a power law fit was used to explain the polarized neutron reflectometry (PNR) data, which is motivated by the monotonic strain relaxation from the magnetostrictive thin filmpiezoelectric substrate interface to the free surface of the magnetostrictive film based on finite element analysis simulations. This supplement presents a different model where the magnetostrictive Co film is divided into three consecutive layers of the same sample (referred to as sample 1 from here onward). This supplement also presents a three layer model for the PNR data from a second sample (sample 2). During the PNR measurement, sample 2 was oriented such that the voltage induced strain rotates the magnetization away from the applied field H direction.
However, sample 2 also exhibits non-uniform depth dependent magnetization profile both at zero and non-zero applied electric field in the PMN-PT substrate. Findings from sample 2 reinforces the conclusion drawn from sample 1.
I. Three layer model -Sample 1
In this modeling, an approach similar to the power law fitting in the main paper was used. The model was first fitted with data obtained at saturation (700 mT) and the nuclear profile obtained from this fit was used for all subsequent modeling. The average magnetization M and magnetization rotation away from the applied field direction are shown in Fig. S1 .a and S1.b
respectively. The best fit parameters are summarized in Table S1 . The three layer fit shows similar behavior to that of the power law fit. Both the average magnetization and magnetization rotation are non-uniform along the depth of the Co film. The bottom layer is the furthest away from the 
II. Repeatability: Sample 2 -Three-layer model
Similar measurements have been performed on a second sample (PMN-PT/Ta (10nm)/Co (60nm)). The only difference between the two samples is that sample 2 did not have the Ta capping layer. Further the stress axis of this sample was oriented differently w.r.t the applied field (H) direction compared to the sample-1 discussed in the main paper. Here the voltage induced stress produces a magnetization rotation away from the field (H) direction. Again, reflectivity measurements were performed at saturation (700mT, 0V) to estimate the nuclear parameters of the sample, followed by reflectivity measurements near remanence (1 mT) under both 0V and 400V applied voltage across the PMN-PT substrate. A three layer model similar to the previous section has been utilized to fit the PNR data for these measurements. The depth dependent magnetization rotation is shown in Fig. S2 and summarized in Table S2 . Figure S2 and table S-II also show a depth dependent magnetization orientation profile both at zero and non-zero electric field similar to sample 1. In the 0V case, the effect of the residual stress is the most significant on the bottom layer and reduces as we go to the upper layers. In the 400V case, the voltage induced stress forces the magnetization further away from the applied field direction, opposite to what we see for sample 1. This is because the orientations of the two samples during loading were different, causing the magnetization to move toward the applied field direction for sample 1 and away for sample 2. This nevertheless shows that the observed variation in depth dependent magnetization orientation and strain transfer is repeatable over multiple samples. In this sample (sample 2), the voltage induced strain causes the magnetization to rotate away from the saturation direction, whereas in the sample (sample 1) presented in the main paper the voltage induced strain causes the magnetization to rotate towards the saturation direction. This is shown in Fig. S3 . 
